Spatial association of clumps from different tracers turns out to be a valuable tool to determine the physical properties of molecular clouds. It provides a reliable estimate for the X-factors, serves to trace the density of clumps seen in column densities only and allows to measure the velocity dispersion of clumps identified in dust emission. We study the spatial association between clump populations, extracted by use of the Gaussclumps technique from 12 CO (1 − 0), 13 CO (1 − 0) line maps and Herschel dust-emission maps of the star-forming region Rosette, and analyse their physical properties. All CO clumps that overlap with another CO or dust counterpart are found to be gravitationally bound and located in the massive star-forming filaments of the molecular cloud. They obey a single mass-size relation M cl ∝ R γ cl with γ ≃ 3 (implying constant mean density) and display virtually no velocity-size relation. We interpret their population as low-density structures formed through compression by converging flows and still not evolved under the influence of self-gravity. The high-mass parts of their clump mass functions are fitted by a power law dN cl /d log M cl ∝ M Γ cl and display a nearly Salpeter slope Γ ∼ −1.3. On the other hand, clumps extracted from the dust-emission map exhibit a shallower mass-size relation with γ = 2.5 and mass functions with very steep slopes Γ ∼ −2.3 even if associated with CO clumps. They trace density peaks of the associated CO clumps at scales of a few tenths of pc where no single density scaling law should be expected.
INTRODUCTION
Observations of star-forming (SF) regions reveal the complex structure of the associated molecular clouds (MCs). The latter have been originally resolved into clumps of subparsec size. Recent high-resolution observations (e.g. with Herschel) show that the dense gas in MCs is predominantly concentrated in filamentary networks which probably play a central role in the star-formation process through further subfragmentation into dense prestellar cores with sizes below 0.1 pc and densities up to 10 6 cm −3 (André et al. 2014) . A number of clump extraction techniques have been developed in the last three decades. They have been applied initially to molecular-line emission and dust-extinction maps and, later, to dust-emission maps which enabled indepth studies of numerous SF regions in the Solar neighbourhood. As a major result, the obtained velocity-size and mass-size relationship for MC fragments and clumps emphasise the role of turbulence and gravity in the cloud evolution and their interplay (Larson 1981; Solomon et al. 1987; Heyer & Brunt 2004; Heyer et al. 2009 ). Virial analysis of clump populations hinted at possible mechanisms of clump formation (e.g. Myers & Goodman 1988; Bertoldi & McKee 1992; Dib et al. 2007) . It also turned out that mass functions of dense clumps resemble the stellar initial mass function (Alves, Lombardi & Lada 2007; André et al. 2010; see, however, Clark, Klessen & Bonnell 2007 ). An open issue remains whether the extracted clumps represent real, distinct physical entities. Beaumont et al. (2013) estimated the uncertainties of the derived characteristics of 13 CO clumps. An important clue to link clump properties with the physics of star formation is provided through the derivation of a clump mass function (Stutzki & Güsten 1990; Williams, Blitz & Stark 1995; Kramer et al. 1998; Heithausen et al. 1998 ) and the interpretation of its parameters like slope and characteristic mass (e.g. Alves, Lombardi & Lada 2007; Veltchev, Donkov & Klessen 2013 ). Clump properties depend essentially on how the entire population is considered: as a set of independent entities or as a hierarchy in the position-position-position (PPP) / positionposition-velocity (PPV) space. A widely used technique for non-hierarchical clump extraction is Clumpfind (Williams, de Geus & Blitz 1994) . It is based on eye inspection and identifies each peak on the intensity map with a clump. Recently Men'shchikov et al. (2012) proposed another non-hierarchical algorithm getsources which aims at 2D image decomposition in continuum maps at multiple scales and wavelengths and is appropriate for detection of clumps in crowded regions.
On the other hand, defining clumps as hierarchical objects reflects the fractal structure of MCs (Elmegreen & Falgarone 1996; Elmegreen 2002) . This allows to link their properties to the general physics of SF regions as described by the above-mentioned scaling relations of mass and velocity. One hierarchical method for clump delineation is the Dendrogram technique (Rosolowsky et al. 2008) which traces the segmentation of cloud structures as one increases the threshold intensity.
Yet projection effects can be misleading in studies of cloud hierarchy. One can reduce them by the use of the clump-extraction technique Gaussclumps (Stutzki & Güsten 1990; Kramer et al. 1998 ). It allows for a distinction of multiple coherent structures along the same line of sight by decomposing any structure into PPV or PPP Gaussian clumps which may overlap on the sky maps. For all smaller clumps in the resulting clump hierarchy the method derives significantly different properties from those that Clumpfind does (Schneider & Brooks 2004) . By allowing for the superposition of nested Gaussian clumps to form a large structure Gaussclumps also enables the retrieval of the hierarchical structure of a MC. Therefore, the approach of Gaussclumps is neither purely hierarchical, like the Dendrogram technique, nor purely non-hierarchical, like Clumpfind, but inherits advantages of both approaches. It characterises confined entities, but it also allows for the detection and analysis of nested structures from a single or multiple tracer(s). Our main goal in this work is to show what could be learned from spatial association of rich clump samples obtained via Gaussclumps on molecular-line ( 12 CO, 13 CO) and dust-emission maps. The Rosette star-forming region is appropriate for this purpose -it has been intensively investigated in the last decades and mapped at different wavelengths with high angular resolution. Clumpy structures in the MC complex have been studied using various algorithms and tracers (Williams, Blitz & Stark 1995; Schneider et al. 1998; Dent et al. 2009; Di Francesco et al. 2010) . The statistical analysis of the highly filamentary structure of the complex and of the location of young stellar objects provides insight to the nature of the star-formation efficiency in individual clumps and it showed that the star formation in the cloud is not driven by radiative feedback .
The paper is organised as follows. First, the used observational data are presented (Section 2). Section 3 reviews the algorithm and the calculation of clump sizes and masses. The adopted criterion for spatial association of clump populations and their statistics in Rosette is described in Section 4. Section 5 contains results from the performed physical analysis of the clump samples: size distributions and the relationships size vs. mass and mass vs. virial parameter. The clump mass functions are derived and studied in Section 6. Some problems and uncertainties are discussed in Section 7. A summary of this work is given in Section 8.
OBSERVATIONAL DATA ON ROSETTE MC

Selected region
In this study, we consider the Rosette molecular cloud (hereafter, RMC) with filamentary structures connected to it and traced on Herschel column-density maps Hennemann et al. 2010; Di Francesco et al. 2010; Schneider et al. 2010 Schneider et al. , 2012 , excluding the zone of direct interaction between the molecular cloud and the expanding H ii region around NGC 2244, the so called 'Monoceros Ridge' (Blitz & Thaddeus 1980) (Fig. 1) . The physical properties of the clump/core population in the Monoceros Ridge can be significantly influenced by the effects of stellar feedback such as gas compression by the expanding ionisation front or heating by the radiation from the OB cluster NGC 2244. Motte et al. (2010) detected more massive dense cores forming in this zone while Schneider et al. (2012) and Cambrésy et al. (2013) showed that there is no indication for large-scale triggering of star-formation further inside Rosette cloud.
Thus the region studied in this paper is restricted to zones where the star formation activity is probably not caused by direct external gas compression. A distance of 1330 pc to the region was adopted (Lombardi, Alves & Lada 2011) though distances up to 1.6 kpc were also used in the literature (see Román-Zúñiga & Lada 2008) . The choice of distance value does not affect the analysis of scaling relations, the virial analysis and the derivation of the slopes of clump mass functions provided in the next sections.
Molecular-line and dust emission maps
We use maps of the Rosette star-forming region in 12 CO (J = 1 − 0) (hereafter, 12 CO) and 13 CO (J = 1 − 0) (hereafter, 13 CO) emission taken with the 14m telescope of Five College Radio Astronomy Observatory (FCRAO). These data sets were presented and discussed by Heyer, Williams & Brunt (2006) . The beam FWHM of the CO data is ∼46 ′′ , the spectral resolutions are 0.127 km s −1 ( 12 CO) and 0.133 km s −1 ( 13 CO). All temperatures are given on the main beam brightness temperature scale.
The original maps of dust emission were obtained from Herschel observations at four wavelengths of PACS and SPIRE: 160, 250, 350 and 500 µm (see Schneider et al. 2010 Schneider et al. , 2012 , for details). The maps were optimised for extended emission 1 through the standard reduction methods in the HIPE pipeline and its scripts. For example, gains for extended emission are applied as applyExtendedEmissionGain was set to TRUE in the HIPE SPIRE pipeline. In addition, the Planck offsets for a zero-point correction were applied. The maps were convolved to a common angular resolution of 36
′′ . Contribution of the fore-or background in Rosette is not as significant as it is in other star-forming regions located close to or deep in the Galactic plane. Rosette is rather isolated which is also well reflected in velocity -only velocity structures in this region are detectable along the line of sight. In our view, possible overestimations of column density and, hence, of mass due to presence of fore-or background structures could hardly reach more than a few percent (in individual small subregions). Therefore we abstained from applying any fore-or background corrections to the Herschel maps. The major uncertainty of masses should be due to projection effects within the RMC, as specified in Sect. 5.1.
In a next step, a pixel-to-pixel grey-body fit to the data was performed, assuming that dust opacity per gas mass follows a power-law in the far infrared:
with b ≡ 2 and leaving dust temperature and column density as free parameters. We assume here for dust emissivity the value for dense clouds used, e.g., by Hill et al. (2011) , Russeil et al. (2013) , Roy et al. (2013) . It corresponds to a dust opacity of 2.3 × 10 −25 cm 2 /H at ν = 1 THz (λ = 300 µm), when a mean mass µ H, Gal = 1.37mu per hydrogen (with mu as the atomic mass unit) is adopted. The various dust models from Ossenkopf & Henning (1994) cover opacities between 1.0×10 −25 cm 2 /H and 3.0×10 −25 cm 2 /H when assuming a gas-to-dust ratio of 100. The lower limit rather represents non-coagulated dust in diffuse clouds so that it is probably not representative for Rosette. For Planck cold cores Juvela et al. (2015) estimated 1.5 × 10 −25 cm 2 /H when converted to 300 µm. Taking this range, we estimate that the dust emissivity has an accuracy of 30 − 50%. We also tested fits using lower exponents for the dust spectral index 1.5 β < 2, but found that the uncertainty in the resulting column density is smaller than the one governed by the absolute emissivity. Thus we estimate that the dust-based column-density map of Rosette has an accuracy of about 50%, limited mainly by the uncertainty of the dust emissivity in the cloud and, to a lower degree, by the uncertainty in the SED-fitting procedure (constant line-of-sight temperature approximation).
CLUMP EXTRACTION AND CHARACTERISTICS
In this Section we comment on the adopted settings of the chosen clump-extraction technique and on the calculation of sizes and masses of clumps from molecular-line and dust emission maps.
1 In contrast to optimized maps for point sources.
Overview of the algorithm
The algorithm Gaussclumps was originally developed for the iterative decomposition of three-dimensional intensity distributions into individual clumps assuming a Gaussian shape (Stutzki & Güsten 1990) . However, it can be also applied to dust continuum maps (e.g. Motte, Schilke & Lis 2003) . Gaussclumps is implemented in two widely used software packages: Gildas 2 and Cupid 3 . We used the Gildas implementation for clump extraction on the 12 CO and 13 CO emission maps and the Cupid implementation for the Herschel data.
In both cases the choice of Gaussclumps control parameters is important. In general, when the three "stiffness" parameters are large (sa = s b = sc = 50), part of the noise peaks will be interpreted as clumps while adoption of very low values (sa = s b = sc = 0.01) excludes a significant fraction of the emission above the Gaussian noise from the clump composition procedure. We set sa = s b = sc = 1.0 following Kramer et al. (1998) 4 . The threshold below which the algorithm stops iterating is usually taken to be several times the data rms (Curtis & Richer 2010; Pekruhl et al. 2013; Csengeri et al. 2014 ). We adopt a stringent threshold of 5 times the noise level for the input 12 CO and 13 CO maps. Dealing with the Herschel map, several test runs with different thresholds were made. A standard significance threshold of 3 times the noise level yielded clumps with sizes 0.08 pc R cl 0.47 pc and masses M cl between 2 and 268 M⊙, whereas the mass range M cl 10 M⊙ was severely underpopulated 5 . To increase the statistics of dense dust cores and the number of corresponding associations, we lowered the threshold stepwise. The best test value turned out to be 1.5σ: the minimal R cl shifted downwards just by 0.02 pc, while many objects with characteristics of dense cores (0.1 R cl /1 pc 0.3, M cl 10 M⊙) appeared. Thus the total number of dust clumps increased by a factor of 2.5, while the number of associations (as defined in Sect. 4.1) increases by a factor of two. As the 12 CO and 13 CO clumps occupy only a small fraction of the map (see Fig. 1 ) this close correspondence indicates that most associated dust clumps are real. The adopted 1.5σ threshold limit to detect their peaks corresponds to a column density N lim (dust) = 1.9 × 10 21 cm −2 .
Sizes and masses of Gaussian clumps
The effective diameter of a Gaussian clump, extracted from a molecular-line emission map, is calculated as the geometrical mean of its major and minor axes on the sky plane (positionposition space):
where ∆x cl and ∆y cl are defined as beam-deconvolved full widths of half-maxima (FWHM) of the fitted Gaussian curves along those directions, converted to linear sizes. Hereafter, we label 'clump size' the half of the effective diameter R cl = 0.5D cl . Our observational data allow for linear resolutions are of 0.15 pc (CO maps) and 0.12 pc (dust maps), respectively. The masses of the CO clumps were derived through three-dimensional integration of the brightness temperature T b over the PPV space:
where T b, 0 is the peak value of T b within the given clump, (x0, y0, v0) are the positions of its centre in the PPV space, ∆v cl = 2σ cl √ 2 ln 2 is the FWHM in velocity and µ mol = 2.74mu is the mean particle mass in molecular gas. The adopted estimates of the conversion factors X from integrated CO ( 12 CO or 13 CO) intensity to hydrogen column density N are discussed in Sect. 5.1. Formula (2) was used by Stutzki & Güsten (1990) to derive masses of Gaussian clumps, extracted from maps of an optically thin tracer (C 18 O). Why it is applicable also to 12 CO and 13 CO clumps in the Rosette region? Optical depth of 13 CO (J = 1 − 0) in various zones in RMC was assessed by (Schneider et al. 1998 ) as several intensity ratios have been modelled with external UV radiation. This line might be optically thick in the Monoceros ridge, at the position of the infrared source AFGL 961 and in the center zone (l ∼ 207.
• 1, b ∼ −1.
• 8), i.e. for a few positions, in the vicinity of very high column density peaks. The Monoceros ridge (cf. Fig. 1 ) and the clumps identified with AFGL 961 were excluded from our consideration whereas a few ones located in the centre zone would hardly affect the results presented in the next sections. For the remaining zones of lower (column) density gas, it can be assumed that 13 CO line is predominantly optically thin. The latter was shown also by Williams, Blitz & Stark (1995) whose selected region in Rosette largely coincides with ours (see their Fig. 1 ).
In regard to the Gaussian clumps, extracted from maps of the optically thick 12 CO (1 − 0) emission, Kramer et al. (1998) found that their mass is still proportional to XT b, 0 ∆x cl ∆y cl ∆v cl , "although the applicability of the Xfactors from the literature to individual clumps may be questionable" (Sect. 3.2.2 therein). In this study we work with an averaged X-factor, derived from associations of 12 CO/ 13 CO clumps with dust counterparts (i.e. extracted from an optically thin emission, Sect. 5.1). Therefore the 12 CO clump mass, calculated from equation (2) could be underestimated -in the worst case -by some constant factor. However, this would not affect neither the slopes of the studied scaling relations, nor the virial analysis since all 12 CO clumps have been found to be gravitationally bound (Sect. 5.4.2).
The masses of the dust clumps, extracted from the Herschel map, were obtained in analogous way to equation (2), through two-dimensional integration of column density:
where N0 is the peak value of column density within the clump and the adopted mean particle mass µ H, Gal = 1.37mu is representative for Galactic abundances of atomic and molecular hydrogen and other elements (Draine 2011 ). 
SPATIAL ASSOCIATION BETWEEN CLUMP POPULATIONS
Cross-identification (hereafter, association) of clumps from different tracers could be used as a tool to determine the physics of structures in MCs. In this Section we present a method to associate Gaussian clumps, introduce two types of associated clumps and provide statistics of the associated populations in the RMC.
Association between Gaussian clumps
Various tracers of cloud structure are sensitive to different ranges of density and optical depth. While the J = 1 → 0 lines of 12 CO and 13 CO are typical tracers of molecular gas with densities n 10 2 cm −3 and n 10 3 cm −3 , respectively, the far-infrared and submillimetre emission of dust enables one to trace the cloud structure from very low densities up to its dense cores (n > 10 5 cm −3 ). Therefore it is instructive to perform association between the extracted clump populations and to compare their locations and physical characteristics.
Since the projections of CO PPV clumps onto the celestial plane as well as the 2-dimensional clumps extracted from Herschel maps through Gaussclumps are ellipses, an appropriate criterion to associate clump pairs should be based on the theory of intersecting ellipses. We make use of a method developed by Hughes & Chraibi (2012) . Its output are the number of intersection points and the intersection area of a considered pair of ellipses. In our treatment, the ellipse representing each clump is defined by the half-maximum contour.
The applied criterion for clump association is illustrated in Fig. 2 . As one considers a pair of clumps from two samples, Population 1 and Population 2, the overlap coefficient ω is defined as the intersection area, normalised to the area of the smaller ellipse. In case of zero or one intersection points the ellipses do not overlap at all (ω = 0 %) or the smaller one is completely embedded into the larger (ω = 100 %). When the intersection points are 2, 3 or 4, the value of ω is decisive to discriminate between non-associated, overlapping and embedded clumps. To distinguish non-associated from overlapping clumps (Type O) we adopt a conservative range 50% ω < 90 %. Type E (embedded) is assigned to clump pairs with ω 90 %; such criterion is strong enough to ensure that most of the mass of a centrally condensed clump is contained in the overlap area. Two subclasses of type E are introduced depending on whether the clump from Population 1 is larger than its associate from Population 2 (Type E1), or vice versa (Type E2). An additional requirement for associating a 12 CO and a 13 CO clump is that the velocity ranges (v0 − ∆v cl /2) v (v0 + ∆v cl /2) in both tracers contain at least one velocity channel in common.
Associated clumps in Rosette
The associated objects populate the dense, main starforming region in the RMC and its most pronounced filaments ( Fig. 1, left ; cf. Fig. 1 in Schneider et al. 2012) . In contrast, the non-associated clumps are widely distributed over the cloud (Fig. 1, right) ; the few non-associated 12 CO objects occur only at l < 207.
• 3. Most non-associated 13 CO clumps are detected in channels of high radial velocity.
In Tables 1 and 2 we provide statistics of the associated clumps from each population. About 75 % of all CO clumps ( 12 CO and 13 CO) have at least one associate in one or both of the other tracers. Considering the dust clump population, the fraction of associated clumps is only 53 %. Twenty 12 CO clumps in total have associates in the other two tracers; several of them are associated with more than one 13 CO and/or dust clump. The vast majority of the nonassociated dust clumps are small (R cl < 0.3 pc), low mass (M cl < 10 M⊙) objects; part of them may be artefacts from our low detection limit.
Among the associated clump pairs (Table 2) , Type O and Type E turn out to be equal or close in number. Considering only pairs of Type E, dust clumps are -in general -embedded into their CO counterparts and 13 CO clumps are embedded into 12 CO ones. The exceptions enable us to estimate the X-factors (Sect. 5.1). We also computed the associations for clumps of the same tracer to quantify hierarchies but the statistics of these associated pairs is poor due to the limited dynamic range of clump sizes. Their analysis provides reference values in the study of the mass-size relationship (cf. Sect 5.2).
PHYSICAL ANALYSIS
The analysis in this Section is focused on the associated clump populations. Since the calculated clump masses depend crucially on the X-factor (cf. Sect. 3.2), we suggest first an approach to estimate its average value in the RMC (Sect. 5.1). The derived size-mass relationships are presented in Sect. 5.2. In view of these and of the clump size distributions, we explore the strength of our method to associate individual clumps, investigating cross-correlations between the three maps of Rosette as functions of the spatial scale (Sect. 5.3). Then, in Sect. 5.4, we study the velocity dispersions of the clumps seen in 12 CO and 13 CO which enables the virial analysis of all clump populations.
Estimation of the X-factor
Masses of condensations delineated in molecular-line maps are usually derived from object's intensity W integrated over its area and line-of-sight through the factor X = N (H2)/W . Our first task in the analysis of the extracted clumps is to achieve a highly plausible estimate of X for the tracers 12 CO and 13 CO based on clump associations. We use the masses of dust clumps M cl (dust) as reference values for a comparison with the masses of their CO associates. The elaborated procedure of pixel-to-pixel determination of column density (Section 2.2) should yield M cl (dust) with uncertainties of better than 50 % (Roy et al. 2013) .
Observational works on many nearby MCs indicate that the X-factor for 12 CO (hereafter, just X) in the Galaxy is approximately constant (Dame, Hartmann & Thaddeus 2001; Bolatto, Wolfire & Leroy 2013) . Theoretical models also show that a constant X is justified, except in case of high metallicities (Szűcs, Glover & Klessen 2016) . The widely adopted reference value for the Milky Way is:
However, numerical simulations including details of the hydrogen, carbon, and oxygen chemistry indicate a significant variation of the X-factor (1 X/XMW 10 4 ) in the low-extinction regime AV 3.5 (Glover & Mac Low 2011; Shetty et al. 2011) . Ossenkopf (2002) showed that X might increase by two orders of magnitude from low-to highdensity regimes due to optical depth effects. More than half of all associated 12 CO clumps in the RMC populate regions where such variations of X should be expected. Therefore, instead of choosing a priori some average value of X in RMC, we estimate it by comparing the masses of gaseous and dust clumps from the embedded pairs (type E).
Our basic assumption is that, within the error bars, the mass of the embedded clump should be smaller than that of its counterpart in the other tracer: M1 M2 for pairs of Type E1 and M1 M2 for pairs of Type E2 (cf. Fig. 2 ). Per definition, associated pairs of both types are separated by the identity line in the size-size diagram (see Fig. A1 in the Appendix). Such a separation should also be observed in the mass-mass diagram if the Gaussian clumps in a pair are indeed spatially embedded.
Under this assumption, we varied X/XMW between 0.1 and 10 and calculate the masses of 12 CO clumps M cl ( 12 CO) for each test value. Then, by comparing M cl ( 12 CO) with M cl (dust) of the embedded dust associates, one can probe the range of plausible values of X (Fig. 3, top) . Two pairs of clumps have to be excluded. The infrared sources AFGL 961 and PL3 (Phelps & Lada (1997) , clump D in Poulton et al. 2008) show irregular 12 CO line profiles indicating strong self-absorption and outflows (see Schneider et al. 1998 ) so that they hardly trace the column density structure. For completeness they are shown in Fig. 3 but were excluded from further consideration. For all other clumps we adopt a possible 40% uncertainty of the calculated masses of PPV clumps due to projection effects (Beaumont et al. 2013) . Visual inspection of the mass-mass diagrams of the associated 12 CO-dust pairs of type E1 (first row of Fig. 3 ) shows that within the error bars values of X between 2 × 10 20 cm −2 K −1 km −1 s and 6 × 10 20 cm Figure 3 . Comparison of clump masses from the associated pairs of Population 1 (absciss) and Population 2 (ordinate): 12 CO-dust (top), 13 CO-dust (middle) and 12 CO-13 CO(bottom). The test values of the X-factors are given in units [cm −2 K −1 km −1 s]; the adopted ones are put in a box. The dashed lines on both sides of the identity line represent the adopted uncertainty of mass estimates (see text). The triangles mark the dust cores identified with AFGL 961 and PL3 that were excluded from the analysis.
studies of large MC complexes (e.g. Nagahama et al. 1998; Zhang, Xu & Yang 2014) , combined with the LTE emissivity W/N ( 13 CO) = 9 × 10 −16 K km s −1 cm 2 at a temperature of T = 15 K (Mangum & Shirley 2015) . The objects of Types E1 and E2 form clearly separable groups on the mass-mass diagram. This enables us to constrain X13 in a narrow range between 3 × 10 21 cm −2 K −1 km −1 s and 5 × 10 21 cm −2 K −1 km −1 s consistent with studies where the ratio 12 C/ 13 C has been probed (e.g. Blake et al. 1987) . Due to the occurrence of both subtypes of embedding this constraint is much stronger than for 12 CO.
Finally we probe the associated clump pairs 13 CO-12 CO on the mass-mass diagrams using the limits on X and X13 factors obtained above (bottom row in Fig. 3 ). Here it becomes clear that the constraint that all 13 CO clumps are embedded in 12 CO clumps, consequently hav-
, is only fulfilled if we use the combination of X/XMW = 2 and X13 = 3 × 10 21 cm −2 K −1 km −1 s. In this way, the concept of clump associations provides a very stringent limit on the X and X13 factors in the cloud if we assume that they are constant. The abovementioned estimates of X/XMW and X13 are taken as average values in the RMC to calculate clump masses.
Size-mass relationships
The mass-size relationship M ∝ R γ reflects the scaling of density in molecular clouds (Larson 1981; Solomon et al. 1987; Heyer et al. 2009 ). Table 3 other studies at scales below 1 pc (e.g. Heithausen et al. 1998; Hennebelle & Falgarone 2012) . However, tightening the scope of consideration only to the associated clump populations yields an increase of the scaling indices γ by 0.3-0.5. From the table it becomes clear that the associated clumps do not describe exactly the same material because it makes a difference whether we study e.g. the properties of CO clumps that have a dust counterpart or the properties of these dust counterparts.
For the associated CO clumps (Fig. 4 , top and middle, and Table 3 , column 5) γ ≃ 3 within the uncertainties. In other words, these populations obey a relation of constant mean volume density n of the molecular gas in the range 3 × 10 3 to 8 × 10 3 cm −3 . The result is confirmed when associated clumps from a single tracer are considered (see 12 CO-12 CO and 13 CO-13 CO in Table 3 ). On the other hand, dust clumps with CO counterparts exhibit a shallower mass scaling that is only slightly higher than the one obtained from the full sample. Test runs of Gaussclumps on the dust column-density map showed that the result is independent of the chosen noise level.
Cross-correlation between the maps
The variation of the mass scaling index for associated clump populations prompt us to probe the strength of the association method. An appropriate way to do this is by study the cross-correlation between the maps in the corresponding tracers as a function of abstract spatial scale.
Comparing the size distributions of the associated and non-associated clumps in Figs. 4 and 5 one can see that the non-associated 12 CO clumps tend to be smaller by about a factor of two than those associated with dust or 13 CO. For 13 CO clumps the trend also holds for associations with 12 CO, but not for associations with dust. In contrast there is no size dependence for associations from the viewpoint of dust clumps. Moreover, the size range and distribution of the 12 CO clumps and the 13 CO clumps is similar while the dust clumps are on average much smaller. Using a naive comparison of the size distributions of associated and nonassociated clumps, one expects a better correlation of 12 CO with the other tracers when increasing the scale. In contrast, from the dust clump size spectrum one would not expect a scale dependence of the correlation between dust and other tracers. When straightforwardly comparing 12 CO and dust, both assumptions are obviously mutually exclusive.
The mutual size relations between different tracers can be directly measured by investigation of the cross-correlations between the three different maps as a function of the spatial scale. To this aim, we use the wavelet-based weighted cross-correlation (WWCC) tool (Arshakian & Ossenkopf 2016 ) that studies the degree of correlation of structures seen in a pair of maps as a function of the structure size. The method filters the two maps with a wavelet of a characteristic size so that only structures of that size remain visible and then computes the cross-correlation between the two filtered maps. In this way only structures of the same scale are compared. By using different wavelet sizes we obtain a spectrum of cross-correlation coefficients. Every point in the individual maps can be weighted by a noise weight to adjust the statistical significance of the result to the actual measurement uncertainties. In case of systematic shifts of characteristic structures between the two compared maps the WWCC can also measure their mutual displacement. Figure 6 shows the spectra of cross-correlation coefficients as a function of scale for all three pairs of maps of the RMC. The calibration of the wavelet spectrum for individual Gaussian clumps by Arshakian & Ossenkopf (2016) enables translation of the wavelet scale l into the radius of the clumps: l ≈ 3.4R cl . Thus the cross-correlation spectrum can be plotted in Fig. 6 directly on the clump radius scale and thus a direct comparison to Fig. 4 other two maps show a monotonous increase towards larger scales. Individual small structures can significantly deviate between the different tracers, partially due to the noise impact at small scales, but towards larger scales all maps trace the same overall structure of the molecular cloud. For small and large clump sizes, the structures in both CO isotopologue maps show the best matches, providing the highest Figure 6 . Spectra of wavelet-based cross-correlation coefficients as a function of the clump size scale for the three pairs of maps in the RMC. For a comparison to the clump size spectra, the wavelet scale l has been divided by 8/ 8 ln(2) ≈ 3.4 to obtain corresponding clump radius units, R cl . The two vertical dashed lines indicate the resolution limit of the observations of 36 ′′ (dust) and 46 ′′ ( 12 CO, 13 CO).
cross-correlation coefficient. At very large scales, the crosscorrelation coefficient even approaches unity which suggests an extremely good match of the large-scale molecular distribution. In contrast, the cross-correlation with the dust shows a more complicated behaviour. The large dynamic range of the dust map traces both low-level extended material and small dense cores. The wide-spread low intensity emission also traced by 12 CO hardly contributes to the clump extraction but dominates the cross-correlation function at large scales. Individual high-column-density clumps match the dense structures also traced by 13 CO. On scales around 1 pc 13 CO is even best correlated with the dust. Both species show the same prominent structures of that size. This indicates that for structure sizes around 1 pc the 13 CO emission is a reasonable column density tracer, getting optically thicker at smaller scales so that it is suppressed relative to the dust below 1 pc and overamplified relative to the rest of the map at larger scales. Therefore, the correlation with dust drops again at large scales.
12 CO is already optically thick at much larger scales. For that reason it shows a very extended emission and a good correlation with the wide-spread dust distribution at the large scales but a low correlation at small scales.
From the monotonously increasing cross-correlation between all maps at sizes below 1 pc we would expect to find more clump associations with increasing clump sizes. The effect of more 12 CO associations with clump size is clearly visible in Figs. 4 and 5. At large R cl > 0.4 pc even all 12 CO clumps are associated, suggesting a more perfect match than the cross-correlation shows. However, looking from the perspective of the dust clumps, we find no size-dependence of the associated objects in Figs. 4 and 5. This is due to the tendency of the small and dense dust clumps to be embedded in 12 CO and 13 CO clumps as discussed in Sect. 5.1. Because of the small size of the dust clumps those associations do not contribute to the scale-dependent cross-correlation coefficient. All extended dust emission does not affect the clump extraction procedure but contributes to the cross-correlation function. The drop of the correlation between 13 CO and dust at larger scales also cannot be traced by individual clumps due to the lack of very large clumps. In other words, the cross-correlation spectrum provides a comparison between the tracers which extends to larger scales than the clump associations.
To sum up the results from the WWCC test, clump associations seem to indicate only an overlap in physical space. Only if they occur for sizes with a high cross-correlation function, one can be sure that they also characterise approximately the same volume so that the density scaling of one species is transferable to the other one. Therefore we should always combine the approach described in Sect. 4 with the WWCC measure to exploit the strength of clump associations. The properties of associated populations can be always assessed from the two viewpoints of clumps within an associated pair, while the cross-correlation coefficient only provides a more general number, but at better spatial resolution and scale coverage.
Virial analysis
Virial analysis is considered as a key to understand the starforming properties and/or the evolutionary state of a MC. Below we assess the gravitational boundedness of the extracted 12 CO and 13 CO clumps in the RMC and that of their dust associates.
Velocity dispersion
The virial parameter of a cloud or clump is defined as
with the velocity dispersion σ cl and G as the gravitational constant when assuming spherical geometry and constant density. It is often used as a tool to assess gravitational boundedness of objects -those with αvir < 2 are considered bound (McKee & Zweibel 1992; Ballesteros-Paredes 2006) . A critical parameter is the velocity dispersion σ cl = ∆v cl /(2 √ 2 ln 2) that can be measured through the linewidth for all 13 CO and 12 CO clumps. Exploiting the strength of the clump associations we can also transfer the information on the velocity dispersion from the CO clumps to the dust clumps for which a direct measurement is impossible. The left column of Fig. 7 shows the velocity dispersions of the associated 12 CO and 13 CO clumps vs. their sizes. We find an offset of the dispersion of the 12 CO clumps relative to the 13 CO clumps. In particular the 12 CO clumps that are associated with dust have a higher velocity dispersion than the corresponding 13 CO clumps. The offset can be easily explained by optical depth broadening (see e.g. Phillips et al. 1979) .
A correction of the optical depth broadening can be performed following Hacar et al. (2016) . Those authors solved the radiative transfer equation for a Gaussian distribution of emitters in a homogeneous medium with optically thick conditions and derived a relation between the width of a Gaussian fit to an optically thick line and the width of the β=0.2 ± 0.1 Figure 7 . Diagram size vs. velocity dispersion for the clumps seen in 12 CO or 13 CO. The symbols are the same as in Fig. 4 . The upper plots show the associations of 12 CO and 13 CO clumps and the lower plots -the associations of 12 CO/ 13 CO with dust clumps. The left column represents the velocity dispersions calculated from the measured linewidths, the right column gives those after the optical depth correction following Hacar et al. (2016) , and the obtained slope for all associated (Types O+E) clumps.
corresponding optically thin Gaussian profile as a function of the optical depth. In real clouds the velocity distribution may not be Gaussian, consisting of multiple velocity components along the line of sight. Nevertheless, their model matches our Gaussclumps approach of decomposing the emission into Gaussian components that are treated separately. The test presented in Appendix A1 confirms that we obtain a self-consistent picture when the correction after Hacar et al. (2016) is applied to the individual Gaussian velocity components. This correction is derived from their relation between the width of a Gaussian fit to an optically thick line and the width of the corresponding optically thin Gaussian profile as a function of the optical depth. A rough estimate of the optical depth can be obtained from the average X-factors obtained in Sect. 5.1. The theoretical limit for the X-factor of the 1 − 0 line of CO isotopes in optically thin LTE conditions is given by the energies and Einstein coefficients of the molecules (see e.g Mangum & Shirley 2015) . Using the typical temperature in the RMC of 20 K ) we obtain an emissivity of 7×10 −16 K km.s −1 /cm −2 per column density of the emitter. Assuming a CO abundance N (CO)/N (H2) = 2.4 × 10 −4 and an isotopic ratio N (CO)/N ( 13 CO) = 70 this predicts optically thin limits for the X-factors of X = 5 × 10 18 cm −2 K −1 km −1 s and X13 = 4×10 20 cm −2 K −1 km −1 s. Assuming that the higher X factors obtained in Sect. 5.1 are due to optically thick emission we find optical depths in the order of 100 for 12 CO and in the order of 5 for 13 CO. Using the optical depth correction from Hacar et al. (2016) for these values indicates that the velocity dispersions of 12 CO clumps are actually lower by a factor of about 2.2 compared to the measured ones, while for the 13 CO clumps we should apply a correction factor of 1.4. Using these correction factors to the two linewidths we obtain a good match between the velocity dispersion measured through 12 CO and 13 CO (see Appendix A1). The right column of Fig. 7 shows the relation between clump size and velocity dispersions after applying the optical depth correction factors. The offset between the dispersion measured in 12 CO and 13 CO clumps is completely removed so that we can be confident to have a reliable measure of the actual clump velocity dispersion.
The resulting velocity dispersions cover only a small range with an average 0.25 km s −1 and standard deviation of 0.06 km s −1 . The small clumps where all three tracers are associated have velocity dispersions of about 0.13 km s −1 . Compared to the thermal value of 0.08 km s −1 at 20 K, these are only slightly suprathermal. As there is no offset in the velocity dispersion between 12 CO and 13 CO clumps with and without association to dust clumps we do not expect any fundamental difference between them so that we can use the velocity dispersion measured in the molecular lines to assess the virial stability of all of the associated dust clumps.
The size-linewidth diagram of all associations of 12 CO and 13 CO clumps and those of CO clumps with dust counterparts (top right and bottom right panels of Fig. 7 , respectively) indicates a very weak relation. When fitting the velocity scaling relation σ cl ∝ R Table 4 ). Shaded area demarcates the effect of possible mass uncertainties on the assessment of clump boundedness (α vir ≷ 2). Non-associated 12 CO and 13 CO clumps (black dots) are shown for comparison.
the embedded clump populations (Type E) the scaling index β increases up to 0.7, though the scatter is large -see last column of Table 4 . This behaviour could be indicative of their evolutionary state as we comment in Sect. 7. For clumps associated with dust the fit finds a weak size dependence of β = 0.2. The lack of a velocity scaling relation for the 12 CO and 13 CO clumps is in line with their constant density. If we assume that the region is dominated by a global large-scale velocity field and the turbulence dissipation is a function of the gas density all clumps with the same density should have about the same velocity dispersion.
Relationship virial parameter vs. mass
As evident from Fig. 8 and taking into account the assumed mass uncertainties, all associated CO clumps in the RMC are assessed as bound. The evolutionary state of the clumps can be characterised by the relation between virial parameter and mass, assumed to be a power law: αvir ∝ M −ǫ cl (Bertoldi & McKee 1992; Dib et al. 2007; Shetty et al. 2010) . It is also recovered from combination of the mass-size relationship with power index γ with a scaling relation of the velocity dispersion σ cl ∝ R β cl which yields: 
In Table 4 we give the slopes obtained by direct fitting of the samples in Fig. 8 . They are consistent with the values calculated from equation 6. Generally, the slope obtained for the embedded populations (Type E) seems to be shallower than the one when all associated clumps (Types O+E) are considered; while both fall within the range of estimates in star-forming regions sampled and explored by Kauffmann, Pillai & Goldsmith (2013, see Table 2 there). We note that the obtained ǫ ∼ 0.6 − 0.7 should not be interpreted as indicative for pressure-confined clumps, though similar to ǫ = 2/3 derived by Bertoldi & McKee (1992) on this assumption. Virial parameters below unity point to substantial role of self gravity.
One may use the mass-size diagram as an additional tool to assess clump boundedness. From equation 5 we define the virial mass of a clump as M cl, vir ≡ M cl (αvir = 2) = 5σ 2 cl R cl /2G. Adopting scaling relation σ cl ∝ σ0(R cl /1 pc) β , the clump virial mass scales as M cl, vir ∝ R 2β+1 cl . Fig. 9 displays the mass-size diagrams of associated CO clumps with plotted M cl, vir (R cl ), assuming β = 0 and taking σ0 = 0.25 km s −1 which is the average velocity dispersion for this population (cf. Fig. 7) . Apparently, the line M cl = M cl, vir could serve as a lower mass limit of the bound clump population. Thus we use it to assess also the boundedness of dust clumps (Fig. 9, bottom) for which no velocity information is available. In that vein, the association of dust clumps with CO counterparts enables their stability analysis -all but a few are classified as bound objects.
CLUMP MASS FUNCTIONS
Clump mass functions (CMFs) are of particular interest because they could shed light on the origin of the stellar initial mass function (IMF). Below we present the derived CMFs in the RMC and probe their dependence on tracer, spatial association and the applied method to fit their high-mass parts.
The high-mass end of the CMF is usually represented through a power-law function d N cl /d log M cl ∝ M Γ cl above some characteristic mass M ch (see e.g. Stutzki & Güsten 1990; Heithausen et al. 1998; Kramer et al. 1998; Reid et al. 2010; Veltchev, Donkov & Klessen 2013 Fig. 7 , right; shaded area denotes its uncertainty due to uncertainty of α vir (cf. Fig. 8 ).
slope Γ obtained from least-squares fit (LSF) is sensitive to the choice of bin size, sample size and M ch . In contrast, the maximum-likelihood (ML) fitting approach implemented in the method Plfit by Clauset et al. (2009) yields simultaneously Γ and M ch from the analysis of unbinned observational sample and provides a good precision for samples with > 50 objects. The clump samples in the present study are rich enough (cf. Table 1 ) to allow for the application of both methods. Information on the derived mass functions of the 12 CO, 13 CO and dust clump populations is given in Table 5 and is illustrated in Fig. 10 . In general, each distribution peaks close to the characteristic mass estimated from Plfit and we adopted the latter as well in the LSF case. The nonassociated clumps from all tracers contribute only to the low-mass part of the CMF.
The obtained values of Γ from both methods are similar while the ML fitting tends to yield steeper slopes. The slopes of the CO mass functions are close to the Salpeter IMF value −1.3 (Salpeter 1955 ) -also, when the full samples are considered. In contrast, the CMF of the dust clump population exhibits a substantially steeper slope.
Several previous studies of the RMC included the derivation of the clump mass function -in part by use of the same tracer and in a comparable mass range. All of them produced shallow slopes of a single power-law distribution, without a characteristic mass. Williams, Blitz & Stark (1995) Figure 10 . Mass functions of all clumps (grey) and associated clumps (colour) from a given tracer. The high-mass slopes derived through maximum-likelihood fitting for all clumps (dashed) and for the associated ones (solid) are plotted -see Table 5 .
Dust
13 CO maps and obtained a slope as shallow as Γ = −0.27 in mass range 10 M cl /M⊙ 4000. They noticed, however, that only a few clumps from their sample are starforming. Schneider et al. (1998) derived Γ = −0.6 for Gaussian CO clump populations extracted both from KOSMA (14 M cl /M⊙ 1743) and IRAM (3 M cl /M⊙ 50) maps. Their virial analysis shows that a very small fraction of the objects are gravitationally bound. Extracting clumps from Herschel maps through the technique Getsources and identifying them with young stellar sources from Spitzer, Di investigated separately samples of prestellar (10 M cl /M⊙ 300) and 
In both cases, a slope Γ ≃ −0.8 was obtained as the distribution peaks have been taken as characteristic masses and no assessment of the gravitational boundedness has been made. In terms of tracer and data source, our work on the dust population is comparable with that of Di Francesco et al. (2010) . The much shallower Γ found by those authors could be attributed to the applied different method for clump extraction and/or to the use of a single fit. If we adopt as a characteristic mass the mass-distribution peak for all dust clumps at ∼ 10 M⊙ (cf. Fig. 10, bottom) , the corresponding slope is Γ ≃ −0.7 -in agreement with the work of Di . Also, the results from both studies could reflect the lack of high-enough angular resolution to resolve clumps with sizes below R cl ≃ 0.2 pc; cf. our Fig. 5 (bottom) and Fig. 2 in Di Francesco et al. (2010) . This size range roughly corresponds to masses M cl 20 M⊙ (Fig. 4) .
DISCUSSION
Possible caveats of the presented study are the uncertainties in the column-density maps and superposition effects. We find an average value for the X factor that is somewhat higher than the Galactic average. Nevertheless, it gives realistic and self-consistent estimates of the masses of the embedded clump populations (Fig. 3) . We adopt also average uncertainties of size and mass estimates due superposition effects (Beaumont et al. 2013) . Individual uncertainty may vary with size; smaller clumps which are deeply embedded in cloud material are more susceptible to superposition. Objects of lower mean brightness could also misrepresent the real structure in the PPP space. However, such clumps do not affect the result on the mass scaling of the associated CO populations and, also, are not taken into account to derive the high-mass CMF.
Most molecular-line investigations of Galactic starforming regions, by use of different clump-extraction techniques, result in mass scaling indices γ close to 2 or a few dex larger (see Veltchev, Donkov & Klessen 2013, Table 1 ). This is reproduced from the derived mass-size relations in this work as far as all clumps from the considered population are taken into account (Table 3 , column 2). The surprising result is the single steep mass scaling relation γ ≃ 3 of the associated CO clumps, which corresponds to objects of constant mean volume density. How could one interpret this finding? Below we suggest a possible explanation from features of the CO detection and involving a model for clumps which are about to form stars.
Critical density for excitation of CO molecules can explain the behaviour of associated clumps from these tracers. It gives us access to their nature that goes beyond the purely statistical result of a decomposition algorithm. The constant density of the CO clump associations is in line with the small dynamical range in densities that an individual molecular line is sensitive to (see e.g. Schneider et al. 2016) . At lower densities the molecule is only subthermally excited, at higher densities it becomes quickly optically thick (Draine 2011; Klessen & Glover 2015) . The density variation of the associated clumps probably stems from the different optical depths while both isotopes have about the same critical density for the collisional excitation. Hence, we can conclude that all associated CO clumps are real physical objects with at least the inferred density from Fig. 4 . In contrast, every non-biased clump decomposition mechanism tends to find clumps with constant column density (see e.g. Heyer et al. 2009) . A fixed noise threshold and dynamic range of a map provide natural limits to the derived column density; an illustration for our clump samples is provided in the Appendix, Fig. A2 . With Gaussclumps larger structures can still be identified at average columns below the noise threshold of individual pixels so that we naturally expect a clump scaling exponent somewhat above two, in line with our values for the individual maps of γ ≈ 2.4. The fact that associated dust clumps also show a steeper exponent indicates that the associations bias the dust clump sample to clumps with densities above the CO critical density, but -as there is no upper limit for the measured column in the dust mapsthey can go towards higher densities. Most dust clumps can be regarded as the "tips of the iceberg" on top of the CO clumps, as seen through the types of embeddedness in Table  2 and Fig. 4 . Most dust clumps are embedded in CO clumps having significantly smaller radii. Hence, we can use the associations as a tool to identify significant physical entities above a certain density threshold.
The mean density of the associated CO clumps is about 3 − 8 × 10 3 cm −3 while dust emission as an optically thinner tracer allows for identification of their counterparts with 3 × 10 3 n 10 5 cm −3 (Fig. 4, bottom) . The shallower index γ ∼ 2.5 obtained for the sample of associated dust clumps, combined with the significantly larger scatter could be attributed to the lack of single density scaling law at scales below few 0.1 pc -the mass of structures of one and the same size could vary by orders of magnitude (Falgarone et al. 1992; Hennebelle & Falgarone 2012) .
Another interesting result from our work is the virtual lack of a velocity-size relation for the associated CO clumps (Fig. 7) . It is consistent with the findings from a number of studies of clumps with similar size and with similar to higher densities in star-forming regions (Casseli & Myers 1995; Shirley et al. 2003; Gibson et al. 2009; Wu et al. 2010) . We suggest an interpretation provided from the recent simulations of evolving MCs in a typical Galactic environment by Ibáñez-Mejía et al. (2016) . In their work, the identified structures of low density n 5 × 10 3 cm −3 (i.e. traceable by CO emissions) display no dependence of the velocity dispersion with radius at early evolutionary phases, prior to the onset of self-gravity. This fact, along with the measured 0.35 kms −1 σ 0.6 km s −1 , is explained with the formation of the considered objects through compression by converging flows. Their low velocity dispersions determine bound states: αvir less than 0.5 and scaling with mass by ǫ ∼ 0.7, in agreement with our results for all associated clumps in Sect. 5.4.2. On the other hand, further evolution of these clouds is affected strongly by self-gravity and leads to an increase of their velocity dispersions -a linewidth-size relation appears, with index β as high as 0.62 ± 0.12 (see Fig. 9 in Ibáñez-Mejía et al. 2016) . Interestingly, such behaviour is found from virial analysis of our embedded clump populations (Table 4) . Whether this is indicative of their evolutionary state is speculative. A cross-identification with mapped young stellar sources and/or prestellar cores might shed light on this issue.
The derived CMFs of the CO populations exhibit steep slopes in their high-mass parts, comparable to or larger than the one of the stellar IMF. Such slopes of Γ are not exceptional -similar values are derived from studies of other Galactic star-forming regions (see review and the references in Veltchev, Donkov & Klessen 2013) , adopting M ch 10 M⊙ to separate intermediate-mass from highmass part. In the cited work the observational CMFs were successfully modelled from statistical description of clump ensembles under the assumption of multi-scale, virial-like equipartition between gravitational and turbulent energy. In regard to this, we note again that the vast majority of the RMC clumps are found to be gravitationally bound by the performed virial analysis (Sect. 5.4).
SUMMARY
We study clump populations extracted from 12 CO, 13 CO and Herschel dust-emission maps of the Rosette molecular cloud (RMC) using the clump-extraction algorithm Gaussclumps. By performing a cross-identification (association) between the populations from different tracers and subsequent physical analysis we can derive essential properties of the cloud structure:
• Clump associations allow us to combine the information on the physical properties of the clumps that are measured by the different tracers. The assignment of the tracers to the same material is most reliable at scales of large crosscorrelation coefficients, favouring the larger clumps in our study. By comparing clump masses we obtain a reliable estimate for the X factors translating 12 CO and 13 CO intensities into column densities (X = 4 × 10 20 cm
After correction for optical depth broadening we obtain a reliable measure for the velocity dispersion in the gaseous clumps that can be transferred to the dust clumps that have no separate velocity information.
• The associated Gaussian clumps extracted from CO tracers obey a single mass-size relation M cl ∝ R 3 cl which implies approximately constant mean density about 3 × 10 3 cm −3 ( 12 CO) and 6−8×10 3 cm −3 ( 13 CO). This behaviour can be explained by the small dynamical range in densities to which an individual molecular line is sensitive.
• The associated Gaussian clumps extracted from Herschel dust-emission map are usually embedded within the larger CO clumps representing their density peaks at scales a few tenths of pc where no single density scaling law (and no single mass-size relationship, respectively) is expected. This is reflected in a shallower mass scaling (slopes about 2.5) than their CO associates.
• All associated CO clumps (and all but a few of their dust counterparts) are assessed to be gravitationally bound and their location delineates the massive star-forming filaments and their junctions studied by Schneider et al. (2012) . They display virtually no velocity-size relation, in consistence with the derived relation between their masses and virial parameters. We interpret this behaviour as indicative of low-density clumps formed through compression by converging flows and still not evolved under the influence of self-gravity.
• The derived mass functions of the CO clump populations (associated or not) display a nearly Salpeter slope (Γ ∼ −1.3), corresponding to the high-mass slope of the stellar initial mass function. In contrast, the mass functions of the dust clump populations are much steeper (Γ −2). Figure A1 . Sizes of associated Gaussian clump pairs, extracted from different tracers. Tables A1, A2 and A3 provide full lists of the associated clumps and their physical parameters. The sizes of the associated objects from each pair of tracers are juxtaposed in Fig. A1 . Embedded clumps (Types E1 or E2) are separated by the identity line per definition. In average, 12 CO clumps are about twice larger than their 13 CO embedded associates. The correlation of sizes of embedded 12 CO/ 13 CO -dust pairs is weaker.
APPENDIX A: CHARACTERISTICS OF ASSOCIATED CLUMP POPULATIONS
The distribution of mean surface densities for associated and non-associated clump populations from different tracers are plotted in Fig. A2 . 
A1 Test of the optical depth correction
To measure the velocity dispersion of molecules from the line width of optically thick lines we have to apply an optical depth broadening following Hacar et al. (2016) . Using the measured X-factors from in Sect. 5.1 we derive in Sect. 5.4.1 approximate correction factors of about 2.2 for the 12 CO and about 1.4 for the 13 CO clumps. Both factors are uncertain within about 10 % as the computation of the optical depth from the X-factors tends to underestimate the optical depth, due to the neglect of the change of the line shape, while the use of the relation for the thermal line width from Hacar et al. (2016) , ignoring the small suprathermal contribution (see Sect. 5.4), tends to overestimate the correction. To verify the correction factors for the two linewidths we show in Fig. A3 the velocity dispersion measured in 12 CO and 13 CO for associated clumps that should see the same gas. Without the optical depth correction there is a clear offset from the identity line. After the correction both velocity dispersions match within a factor of two, symmetric to the identity line. This indicates that we obtain reliable estimates of the clump velocity dispersions. Figure A3 . Comparison of the velocity dispersion measured in 12 CO and 13 CO for associated clumps. The left plot compares the directly measured line widths, the right plot shows the dispersions after the optical depth correction. 
